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Method of forming a capacitor on a substrate. 



Qt) For forming a capacitor on a substrate an amorphous 
thin film layer (17) of a ferroelectric forming titanate or 
zirconate is deposited on a bottom electrode (13^. A leakage ^ 
current preventing dielectric layer {18) is deposited on the ^S. 
amorphous thin film layer (17) and laser annealed to a ^ 
crystalline ferroelectric. The leakage current preventing 
dielectric layer (18) may also serve as an antireflective 
coating for the titanate or zirconate layer so that better 
-coupling of the laser energy to the titanate or zirconate layer 
is obtained. The capacitor is completed by depositing a top 
electrode (15) on the crystalline ferroelectric. 
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METHOD OF FORMING A CAPACITOR ON A SUBSTRATE 

This invention relates to a method of forming a 
capacitor on a substrate, and more particularly, 
to a method of forming a capacitor with dual di- 
electrics wherein one of the dielectric layers is 
formed by laser annealing. 

In the semiconductor fabrication art, there is in- 
creasing interest in the use of capacitors to improve 
the performance and response of integrated circuits. 
Integrated circuit configurations have evolved which 
require the fabrication of capacitor structures with 
high dielectric constants and low leakage currents. 
Likewise, multilayer ceramic substrates for integrated 
circuit packaging require the' fabrication of decoupling 
capacitors having high dielectric constants and low 
leakage currents. 

Titanates and zirconates are complex inorganic com- 
pounds which in crystalline form exhibit a high dielec- 
tric constant and ferroelectric properties. As a result 
of their high dielectric constants, the ferroelectric 
forming titanates and zirconates have been employed as 
capacitor dielectrics. Some common titanates used in 
capacitor applications include CaTiO-j / SrTiO^ , BaTiO^ 
and PbTiO^. Some common zirconates used in capacitor 
applications include lead zirconate titanate- (PZT) and 
lead zirconate lanthanum modified titanate (PZLT) . 

In order to obtain the highest capacitance per unit 
area, it is necessary to prepare a thin crystalline 
film of the titanate or zirconate. However, when ferro- 
electric forming titanates or zirconates are deposited 
in thin film form, they are generally amorphous, and 
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exhibit low dielectric constants. In order to form 
crystalline thin films of titanates or zirconates, the 
thin film must be deposited, at high temperatures, e.g., 
by sputtering, or deposited at low temperatures and 
5 subsequently annealed at high temperatures. 

Unfortunately high temperature deposition or high 
temperature post deposition annealing produce other 
undesirable effects- For example, these high tempera- 

10 ture processes produce Pb vacancies, oxygen diffusion 
or other stoichiometric changes in the thin film 
structure which effect the dielectric constant there- 
of. These changes vary from run to run so that large 
and unpredictable variations in dielectric constant 

15 result. Moreover, high temperature processing has 

deleterious effects on the other active devices (e.g., 
transistors) on an integrated circuit chip so that 
overall chip performance is degraded. 

2o An attempt to fabricate ferroelectric thin films of 
PbTiO^ without high temperature deposition or high 
temperature post deposition annealing is described 
in the Journal of Applied Physics, Vol. 52, No. 8, 
August 1981, pp. 5107-5111, entitled "Laser Annealing 

25 to Produce Ferroelectric-Phase PbTiO^ Thin Films" - 

Disclosed is a method of producing ferroelectric thin 
films of PbTiO^ by rf sputtering at low temperature 
and annealing by laser beam irradiation using a 
laser . 

30 

The use of thin film titanates or zirconates as the 
dielectric for integrated circuit capacitors also 
creates a leakage current problem. More particularly, 
it is well known that ferroelectric zirconates or 
35 titanates have high DC leakage currents due to the 
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crystalline structure thereof. This high DC leakage 
current produces an unsatisfactory value of dielectric 
loss for most capacitor applications- 

5 The invention as claimed is intended to remedy the 

mentioned drawbacks. It solves the problem of providing 
a method of forming a capacitor on a substrate, which 
capacitor has high dielectric constant and low leakage 
current. Furthermore the disclosed method does not pro- 
10 duce other undesirable effects and provides capacitors 
having controllable and repeatable properties. 

These advantages of the invention are accomplished by 
forming a capacitor on an integrated circuit, ceramic 
15 or other substrate, the capacitor comprising a dual di- 
electric between the two capacitor electrodes. The dual 
dielectric comprises a first dielectric layer ad j acent 
one of the electrodes, for preventing the flow of leak- 
age currents across the electrodes. The second dielec- 
20 trie layer is a high dielectric constant layer which is 
formed by laser annealing an amorphous thin film layer 
of a ferroelectric forming titanate or zirconate to a 
ferroelectric . 

25 The capacitor structure of the present invention ex- 
hibits a low leakage value as a result of the leakage 
current blocking first dielectric layer, and a high 
dielectric constant as a result of the ferroelectric 
titanate or zirconate second dielectric layer. More- 

30 over, since the second dielectric layer is formed by 

laser annealing a thin film of a ferroelectric forming 
titanate or zirconate to a ferroelectric, none of the 
undesirable effects of high temperature deposition or 
high temperature post annealing are present. More par- 

35 ticularly, since laser pulse intensity and duration 
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are easily controlled, uniform capacitor properties may 
be obtained from chip to chip. Laser annealing also 
produces instantaneous heating so that Pb vacancies, 
oxygen diffusion or other stoichiometric changes do 
5 not take place. 

A capacitor according to the present invention may 
be fabricated by a process of depositing a bottom 
electrode on an substrate, depositing an amorphous 
10 thin film layer of a ferroelectric forming titanate 
or zirconate on the bottom electrode and depositing 
a leakage current blocking dielectric layer on the 
amorphous thin film layer. The ferroelectric forming 
titanate or zirconate is then laser annealed to the 

15 ferroelectric phase and a top electrode is deposited 
on the dielectric layer. When practicing the above 
process, the leakage current blocking dielectric layer 
may also serve as an antiref lective coating for the 
titanate or zirconate layer so that better coupling of 

20 the laser energy to the titanate or zirconate layer is 
obtained. 

The ways of carrying out the invention are described in 
detail below with reference to the drawings, in which 

Figs. 1-3 illustrate cross-sectional views of 

capacitors formed according to the 
present invention - 

30 Referring now to Fig. 1, there is shown a capacitor 10, 
(not drawn to scale) formed according to the present 
invention. Capacitor 10 is fabricated on silicon semi- 
conductor or ceramic substrate 11, as a part of an in- 
tegrated circuit chip or multilayer ceramic structure. 

35 Substrate 11 optionally may include a thin (approxi- 



25 



FI 981 080 



- 5 - 



01 1 422S 



mately 50-500 nm) layer 12 of Si02 for isolating the 
capacitor therefrom. 

Capacitor 10 comprises bottom electrode 13, dielectric 
14 and top electrode 15. Bottom electrode 13 is pre- 
ferably a dual bottom electrode structure as will be 
described more particularly below. Dielectric 14 com- 
prises a dual dielectric structure as described more 
particularly below. Top electrode 15 is here shown as 
a single layer although a multilayer structure may also 
be employed. Finally, a passivating layer 16 of Si02 
may be formed on top electrode 15. 

A method of forming integrated circuit capacitors ac- 
cording to the present invention will now be described. 
As specified above, capacitor 10 may be formed direct- 
ly on substrate 11 or upon an Si02 passivating layer 
12 grown thereon. Bottom electrode 13 is then formed. 
While bottom electrode 13 may be a single layer, e.g., 
PtSi, TiN or Ti-^^Wg^ alloy directly on substrate 11, 
or TiN, TiW, Ti or Ta on Si02 passivating layer 12, it 
is preferably a dual bottom electrode structure as de- 
scribed in European patent application 81 105 741.3. 
More particularly, bottom electrode 13 is formed by 
electron beam evaporating or sputtering a first layer 
of Zr, Hf or Ta (thickness 50-70 nm) on Si02 passivat- 
ing layer 12 and then sputtering a Pt layer (thickness 
1000 nm) thereon. The dual bottom electrode structure 
is then heat treated to form an intermetallic phase of 
ZrPt^/ HfPt^, or TaPt^ as described in the above refer- 
enced European patent application. 

Dielectric 14 is then formed on bottom electrode 13. 
Referring to Fig. 1, dielectric layer 14 comprises a 
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high dielectric constant layer 17 and a leaftage cur- 
rent preventing dielectric layer 18. 

High dielectric constant layer 17 comprises a thin film 
(approximately 20-80 nm) of a ferroelectric forming 
titanate or zirconate, e.g., PbTi03 , BaTi03 , CaTiOj , 
SrTiO^, PZT or PZLT. Amorphous thin films of BaTiO^ 
may be formed by sputtering in an Rf diode {2kw) sys- 
tem using a target approximately 20 cm in diameter 
having a pressed target material of approximately 80% 
of the theoretical density. When sputtered in argon 
(AR) plasma at 750 or 1000 watts and 13 ubar total 
pressure, a deposition rate of 9.3-11 nm per minute is 
obtained- A refractive index of 1.91-1.93 and dielec- 
tric constant of approximately 18 is obtained. BaTi03 
films of comparable thickness may be prepared in an 
Ar-10% ©2 plasma. PZT or PZLT films may be prepared 
from an 20 cm target (80% theoretical density) using 
similar deposition conditions. For the same power 
levels, deposition rates of approximately 20 nm per 
minute are obtained. A refractive index of 1.9-2.2 and 
a dielectric constant of approximately 45 is obtained. 
Amorphous thin films of other ferroelectric forming 
zirconates and titanates may be prepared in a like 
manner . 

The amorphous thin film ferroelectric forming titanate 
or zironcate layer 17 is then laser annealed to the 
high dielectric constant ferroelectric phase. A cw-Ar, 
Q switched ruby, Nd-yag, CO^ or other laser may be 
employed. For example, a 420 nm dye laser in pulses 
of 10 nanoseconds having a peak power of approximately 
6 5 watts may be employed to anneal a thin BaTiO^ film. 
Under these conditions, laser annealing increases the 
BaTi03 dielectric constant from approximately 18 to 
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over 500 for a thirty fold increase. Laser annealing 
other titanates or zirconates will increase the di- 
electric constant ten to fifty times. Moreover, if low 
fluence radiation is employed, stoichiometric changes 
to layer 17 will be avoided. The laser may be used to 
anneal the entire layer 17. Alternatively, a thin laser 
beam may scan layer 17 to form alternate portions of 
laser annealed and unannealed titanate or zirconate. 

After layer 17 is laser annealed, leakage current 
preventing dielectric layer 18 is deposited thereon. 
Layer 18 may comprise Si^N^, AI2O2 , or Si02 (approxi- 
mately 20-200 nm) and may be deposited by processes 
well known to those having skill in the art. It will 
be noted, however, that such deposition processes must 
be low temperature (less than about 350 *^C) deposition 
processes, e.g., low temperature chemical vapor depo- 
sition (CVD) , plasma enhanced deposition, or rf sput- 
tering on water cooled substrates so that the delete- 
rious effects of high temperature processing on laser 
annealed dielectric layer 18 do not occur. 

After dual dielectric 14 is formed, a top electrode 
15, which may be Al, alloys thereof, or multiple metal 
layers, is deposited thereon. An Si02 passivating layer 
16 may be formed on top electrode 16. Finally, contacts 
to top electrode 16 may be made using standard photo- 
lithographic processes. 

Referring now to Fig. 2, a capacitor 10 having reverse 
order dual dielectric 14 is shown. In contrast with 
Fig. 1, leakage blocking dielectric layer 19 is first 
deposited, followed by laser annealed high dielectric 
constant layer 17. The composition and process of form- 
ing high dielectric constant layer 17 is the same as 
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Fig. 2. The composition of leakage blocking dielectric 
layer 19 is the same as that of leakage blocking layer 
18 of Fig. 2. However, since leakage blocking layer 19 
(Fig. 2) is formed prior to laser annealed layer 17, 
leakage blocking layer 19 may be formed by high tem- 
perature (i.e., approximately SOCC) CVD, sputtering 
or other high temperature deposition techniques. This 
contrasts with Fig. 1 wherein leakage blocking layer 
18 had to be formed by low temperature (i.e., less 
than about 350 "C) techniques, to prevent undesirable 
stoichiometric effects in laser annealed layer 17. 

A preferred method of forming a dual dielectric accord- 
ing to the present invention will now be described. Re- 
ferring again to Fig. 1, an amorphous thin film layer 
17 of ferroelectric forming zirconate or titanate is 
formed. Leakage current preventing dielectric layer 18 
is then deposited on layer 17. Layer 17 is then laser 
annealed by passing a laser beam through layer 18 into 
layer 17. When practicing this method, leakage current 
preventing dielectric layer 18 also functions as an 
antiref lective coating (ARC) to minimize reflection and 
increase laser absorption in layer 17. 

Antiref lective coatings (ARC) are well known in the 
art. For example. Volume 11 of "Semiconductors and Semi- 
metals" by Harold J. Hovel,, pgs. 203-207, discloses the 
use of ARC'S in the design of solar cells and derives 
the equations for calculating optimum ARC composition 
and thickness for a given application. According to the 
present invention, leakage current preventing dielec- 
tric layer 18 also functions as an ARC for ferroelec- 
tric forming zirconate or titanate layer 17. The compo- 
sition and the thickness of ARC layer 18 is a function 
of the composition of layer 17 and the laser employed. 



FI 981 080 



- 9 - 



01 1 4228 



The optimal composition and thickness of ARC layer 18 
may be calculated as follows: 

Assume that ferroelectric forming dielectric layer 17 
is coated with a single nonabsorbing film 18 of thick- 
ness d^, then the total reflection of laser wavelength 
X is: 



2 2 
r- + r^ + 2r-r« cos 2 0 

R = -! — (1) 

1 + r^ r2 + ^^1^2 ^® 



where 



^1 ~ n^+n^ ' ^2 " n^+n2 



and 



Hp = index of refraction of air = 1 

n^^ = refractive index of ARC layer 18 

n2 = refractive index of ferroelectric forming 
dielectric layer 11, and 



Q - 211 n^.d^/X, 

The reflectivity (R) has a minimum at a quarter wave- 
length, where 



n^d^ = X/4 



(3) 



and 
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R(X/4) = 



^1 " ^^0^2 



^1 + ^0^2 



(4) 



The reflectivity is equal to zero if n^^' 
since Hq = 1 (air) , R = 0 if 



nQn2. Thus, 



= /n 



2* 



(5) 



Thus, the thickness d^^ and refractive index n^ of ARC 
18 can be calculated using equations (3) and (5) , 
given the laser wavelength X and the refractive index 

°^ layer 17. This calculation neglects the effect 
of bottom electrode 13, and will only be exact when 
.none of the laser energy reaches bottom electrode 13. 

The effect of the bottom electrode may be taken into 
account by employing equations for a multilayer ARC. 
A description of a multilayer ARC and equations for 
calculating the parameters thereof may be found in 
K. L. Chopra, "Thin Film Phenomena" (1969) at page 773 
For a multilayer ARC, equation (4) becomes 



R{X/4) = 



2 2 
^1 ^^3 ~ ^2 "^0 



2 2 
n^ + n2 n^ 



(6) 



under the conditions 



n^d^ = n2d2 ='X/4,- 3/4X 



(7) 



where n^ , d^, and d2 are the refractive indices 
and thicknesses of ARC layer 18 and titanate/zirconate 
layer 17, respectively, and n3 , d3 is the refractive 
index and thickness of bottom electrode 13. The con- 
dition for R = 0 is 
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Thus, equations (7) and (8) can be used for selecting a 
single layer antiref lection coating 18 when the ferro- 
electric forming dielectric layer 17 is deposited onto 
an absorbing bottom electrode 13. 

As a first approximation, equation (5) may be used to 
calculate the optimum ARC and the thickness thereof for 
various ferroelectric forming titanates and zirconates 
which are to be laser annealed. For example, when BaTiO 
(n = 2.0) is employed, the preferred refractive index 
(n^) for ARC layer 18 is 1.414, while for PZLT or PZT 
(n = 1.8) the preferred refractive index {n^) for ARC 
layer 18 is 1.34, Table 1 contains a list of potential 
ARC materials and their refractive index values (n) . 
The dielectric constant ( e) values are also included 
in Table 1. Note, that these dielectric materials are 
known to be appropriate low leakage dielectrics for 
capacitor applications as shown in P. J. Harrop and 
D. S. Cambell, "Thin Solid Films", Vol. 2, p. 273 
(1968) . 

TABLE 1 



Material n 

AI2O3 1.5-1.65 9 

SiO^ 1.44 4 

Ti02 2.4 4-40 

TajO^ 2.2-2.4 24 

Y2O3 1.9 16-18 

Zr02 2.1 16-18 

Hr02 1.98 '^'18 

Si3N^ 1.9-2.0 7 
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Inspection of table 1 indicates that Si02 (n = 1.44) 
should be the best ARC for BaTiO^ r PZT and PZLT. How- 
ever, other materials listed in table 1 may also be 
appropriate, because their less than optimal index of 
refraction may be somewhat compensated by their larger 
dielectric constants or other desirable properties. In 
particular, it has been found that Si^N^ (sputtered, 
low temperature CVD or plasma enhanced) is an excellent 
ARC despite its less than optimal index of refraction, 
because it has lower leakage, a higher dielectric con- 
stant and a higher breakdown voltage than SiO^* More- 
over, Si^N^ acts as a diffusion barrier to retain the 
stoichiometry of layer 17. Si^N^ does not adhere well 
to PZT or PZLT, so that a preferred ARC for these mate- 
rials is a dual ARC layer comprising a thin SiO^ layer 
on the PZT or PZLT, and an Si^N^ layer on "the SiO^. 

Si^N. does adhere to BaTiO,, so that an intervening SiO^ 

3 4 J * 

layer may not be necessary. 

The thickness, d^^ , of ARC layer 16 can be computed 
using Equation (3) for various laser wavelengths 
Table 2 lists several laser materials, their wave- 
length, and the Si02 and Si^N^ thickness (d^^) for R=0 
when used as an antiref lection coating for BaTiO^. 

TABLE 2 



Laser 


X(nra) Si02 


Thickness , 


(nm) Si^N^ Thickness 


dye 


420 


72.9 


53 


Ar (OT) 


510 


88.5 


64.4 


Ruby 


690 


119.8 


87.1 


Yag 


1060 


184.0 


133.8 


CO 2 


10.2x10"^ 


1770 .8 


1287.8 
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Although the above description referred to a leakage 
preventing dielectric layer 18 (Fig. 1) which also 
functions as an ARC, the separate functions can be 
performed by two separate layers. More particularly, 
5 referring to Fig. 3, leakage current preventing dielec- 
tric layer 21 may be deposited on bottom electrode 13. 
A ferroelectric forming zirconate or titanate layer 17 
may then be deposited on layer 21. An ARC layer 20 is 
deposited on layer 17 and layer 17 is laser annealed 

10 through ARC 20. ARC 20 may be retained as part of the 

capacitor structure or may be removed prior to deposit- 
ing top electrode 15. If ARC 20 is removed, it need not 
be one of the dielectrics listed in Table 1, but may be 
a semiconductor (e.g., amorphous or polycrystalline Si 

15 or Ge) or a low reflectivity metal. 

When separate leakage current preventing dielectric 
layers and ARC layers (Fig. 3) are employed, ARC para- 
meters may be calculated using Equations (7) and (8) . 
20 Thus, for example, if BaTiO^ layer 17 is deposited on 
a leakage current preventing Si^N^ layer 21, we obtain 

= 1.414 which is the index of refraction of Si02 
(Table 2) . 
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A method of forming a capacitor on a substrate, 
characterized by the steps of: 

depositing a bottom electrode (13; Fig. 1) on the 
substrate; 

depositing an amorphous thin film layer (17) of 
a ferroelectric forming titanate or zirconate on 
said bottom electrode; 

depositing a leakage current preventing dielectric 
layer (18) on said amorphous thin film layer; 

laser annealing said amorphous thin film layer to 
a crystalline ferroelectric; and 

depositing a top electrode (15) on said dielectric 
layer • 

A method of forming a capacitor on a substrate, 
characterized by the steps of: 

depositing a bottom electrode (13; Fig. 2) on the 
substrate;. 

depositing an amorphous thin film layer (19) of 
a ferroelectric forming titanate or zirconate on 
said bottom electrode; 

laser annealing said amorphous thin film layer to 
a crystalline ferroelectric; 
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depositing a leakage current preventing dielectric 
layer (17) on said amorphous thin film layer; and 

depositing a top electrode (15) on said dielectric 
layer. 

A method of forming a capacitor on a substrate, 
characterized by the steps of: 

depositing a bottom electrode (13; Fig. 3) on the 
substrate; 

depositing a leakage current preventing dielectric 
layer (21) on said bottom electrode; 

depositing an amorphous thin film layer (17) of 
a ferroelectric forming titanate or zirconate on 
said bottom electrode; 

laser annealing said amorphous thin film layer to 
a crystalline ferroelectric; and 

depositing a top electrode (15) on said dielectric 
layer. 

The method of claim 1 , 2 or 3 , 

characterized in that the step for depositing said 
bottom electrode (13) comprises the deposition of 
a first layer of Zr, Hf, or Ta and of a second 
layer of Pt. 

The method of claim 1 , 2 or 3 , 

characterized in that as ferroelectric forming 
titanate or zirconate one of the following mate- 
rials is used: PbTiO^, BaTiO^ , CaTiO- , SrTiO^ , 
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lead zirconate titanate (PZT) or lead zirconate 
lanthanum modified titanate (PZLT) • 

6. The method of claim 1, 2 or 3 , 
5 characterized in that as a leakage current pre- 

venting dielectric layer a layer of SiO^ and/or 

Si-N. is used* 
3 4 

?• The method of claim 1, 
10 characterized in that said leakage current pre- 

venting layer (18) is also an antiref lective coat- 
ing for coupling laser energy to said amorphous 
thin film layer. 

15 8. The method of claim 3, 

characterized in that said amorphous thin film 
depositing step is followed by the step of de- 
positing an antiref lective coating on said 
amorphous thin film layer for coupling laser 

20 energy to said amorphous thin film layer, 

9. The method of claim 8, 

characterized in that said laser annealing step 
is followed by the step of removing said anti- 
25 reflective coating from said amorphous thin film 

layer. 
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FIG. 1 




FIG. 2 




FIG. 3 
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